Ultrasound-induced intracellular drug delivery, sonoporation, is an appealing and promising technique for next generation drug delivery system. Many types of molecules, such as plasmid DNAs, siRNAs and peptides, have been demonstrated to be delivered into the cell by ultrasound with the aid of microbubbles both in vitro and in vivo. Although there are many reports on in vitro sonoporation, the efficiency of successful sonoporation and the viabilities of cells after the procedure documented in each report vary in a wide range, and the reasons for these differences are not fully understood. In this study, we have investigated how different experimental settings would affect sonoporation efficiency and cell viabilities after the procedure. Our results show that the fashion of cell culture (e.g. in suspension or in monolayer culture) and the presence of standing wave have a great impact on the overall results. These results indicate that in vitro sonoporation settings should be carefully evaluated in each experiment. The fact that standing wave is necessary to achieve high sonoporation efficiency may be a problematic issue for clinical application of sonoporation, as it may be difficult (although not impossible) to create standing wave in a human body. Ó 2007 Elsevier Inc. All rights reserved.
Today the advancement of acoustic technology has made it possible to produce various kinds of bio-effects both in vitro and in vivo by ultrasound. These bio-effects include hyperthermia, such as coagulation of tissues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , mechanical tissue destruction [13, 14] , disruption of tight junctions of the vasculature for enhanced local drug delivery [15] [16] [17] [18] [19] [20] , and sonoporation, a transient enhanced permeability of the cell membrane caused by the combination of ultrasound and microbubbles [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . As all of these bio-effects can be created non-invasively in vivo, ultrasound is gathering a great attention as a next generation surgical or drug delivery system. Among them, sonoporation has been vigorously investigated, as it allows plasmid DNAs, siRNAs, and peptides to be delivered intracellularly without the use of carriers or vectors both in vitro and in vivo. This concept has a great significance especially in the medical field, since it will widen the use of cell membrane impermeable agents. However, when we look into the published reports, sonoporation efficiency and the magnitude of cell toxicity, one of the most important factors for making sonoporation as a practical tool, varies in a very wide range. Some reports, including our previous reports, show only a small amount of successfully sonoporated cells accompanying a large number of non-viable cells [25, 26, 30, 31, 35] . Others report otherwise [34, 38] . Although some reports have pursued the possibility of optimizing ultrasound parameters [26, 35, 39, 40] , there has been no report on investigating how the technical differences of experimental settings can impact the results. Solving this question is significantly important for refining sonoporation technology and for bringing it to practical application.
In this study, we have investigated how different experimental settings will affect sonoporation efficiencies and cell viabilities after the procedure. As reports on in vitro sonoporation experiment are mixed with cells sonicated in a suspension and cells sonicated in a monolayer culture, first we have investigated whether or not this difference will produce a difference in sonoporation efficiency. We have also tested if siRNA can be delivered by sonoporation in a monolayer cell culture. Finally, we investigated the role of standing wave in sonoporation. Standing wave is a condition where the reflected ultrasound beam from any sort of interface and the progressive ultrasound beam merge together, boosting the acoustic pressure in the field and altering the 3D structure of the ultrasound field from that created only by progressive ultrasound beam. Although producing standing wave in a human body is difficult, except for structures around the bone, in most of the reported sonoporation experiments, the presence or absence of standing wave is not clearly described. In addition, when standing wave is present, it is difficult to presume the true acoustic power applied to the sonicated samples. In this study, we have carefully created several ultrasound fields where standing wave is considered to be almost completely eliminated and evaluated its impact on sonoporation efficiency.
Materials and methods
Cell lines and culture. Rat C166 cells and C166-GFP cells, which are the wild-type and genetically manipulated cells stably expressing the enhanced green-fluorescent protein (EGFP), were obtained from the American Type Culture Collection (ATCC). C166 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA) at 37°C with 5% CO 2 . Both media were supplemented with 10% fetal calf serum (FCS; Invitrogen). For C166-GFP cells, 0.2 mg/ml G418 (Geneticine, Invitrogen) was added in the medium.
Sonication device setup. Details of the experimental setup are shown in Fig. 1A . C166 or C166-GFP cells were cultured in a 6-well plate either in a suspension or in a monolayer fashion. Total number of cells in each well was fixed as 0.6 · 10 6 cells/1.5 ml serum-free DMEM. We used a 1.706-MHz planer ultrasound transducer with a surface area of 7 cm 2 . The transducer's efficiency was equal to approximately 80% and it was used to convert the electrical power measured by the amplifier into acoustical power. The radiofrequency (RF) signals to drive the ultrasound transducers were generated by a pulsed-output ultrasound driving system (model UDS 04PF-CSA, Advanced Surgical Systems Inc., Tuscon, AZ). The transducer was submerged in degassed water and the samples were placed 6 cm above the surface of the transducer (Fig. 1A) . The ultrasound parameters used were, 0-4 W/cm 2 acoustic power (AP) in continuous wave (CW; 100% duty cycle) mode for 15-120 s. Maximum temperature rise was less than 4.6°C with 1.6 W/cm 2 AP · CW 120 s. This was measured in 1.5 ml degassed water sonicated with standing present and microbubbles absent. The base line temperature was 36.5°C. We also used OPTISON Ò , a microbubble ultrasound contrast agent available from Amersham Health Inc. (Princeton, NJ), with a concentration of 5% or 10% (v/v) to aid cavitation production.
Sonoporation efficiency and cell viability assay for C166 cells. To determine the sonoporation efficiency of C166 cells under various ultrasound exposure conditions, cell membrane impermeable calcein (Sigma-Aldrich, Saint Louis, MO) was added to the cell suspension at a final concentration of 37.5 lM. Cells were sonicated as mentioned above under various conditions and recovered, washed twice with phosphate-buffered saline (PBS) and analyzed by flow cytometry (FACScan; Becton-Dickinson, Mountain View, CA). Successfully sonoporated cells would uptake calcein and were detected by FL1 channel (Fig. 1B) . To measure the viability of sonicated cells, we used CellTiter-Blue assay (Promega, Madison, WI). Sonicated cells were cultured for 2 h with the reagent and their viability was estimated by measuring the amount of reduced resorufin by its fluorescent intensity (ex: 560 nm, em: 590 nm) using a fluorescent microplate reader (SPECTRAmax GEMINI XS, Sunnyvale, CA).
siRNA transfection for EGFP suppression using microbubble-enhanced ultrasound. EGFP-specific siRNA; egfp siRNA (sense: 5 0 -GCA AGC UGA CCC UGA AGU UCA U-3 0 , antisense: 5 0 -GAA CUU CAG GGU CAG CUU GCC G-3 0 ), and control siRNA (sense: 5 0 -UUC UCC GAA CGU GUC ACG UdTdT-3 0 , antisense: 5 0 -ACG UGA CAC GUU CGG AGA AdTdT-3 0 ) duplexes were purchased from Qiagen (Valencia, CA). The siRNA duplexes were suspended in the provided buffer solution and prepared according to the instruction supplied by the manufacturer. C166-GFP cells cultured in monolayer were suspended in their respective culture medium without serum. OPTISON Ò was added to the cell suspension at a final concentration of 5%. siRNAs were added at a concentration of 15 lg/ ml for gene silencing. After sonication, cells were recovered and 1.5 ml 10% serum and 50 U/ml penicillin (Invitrogen) supplemented medium was added and cultured for 48 h followed by flow-cytometric analysis of EGFP expression.
Flow-cytometric analysis. After cells were cultured for the indicated time, cells were harvested, recovered and washed twice with PBS. Flowcytometric data collection was done using FACScan (Becton-Dickinson) and EGFP or calcein-positive cells were detected by FL1 channel. Acquired data was analyzed by FlowJo (Tree Star Inc, Ashland, OR). Two cell populations were identified on the forward scatter (FSC) vs. side scatter (SSC) plot and the population having larger values of both the FSC and SSC was gated as viable cells. Special settings to avoid standing wave production. For experiments where the production of standing wave had to be avoided, we built a water chamber above the cell culture samples with a thin plastic membrane separating the samples and the water chamber. Air bubbles in the cell culture medium were carefully removed, allowing the plastic membrane to have a direct contact with the medium. Three different settings were prepared as shown in Fig. 3 .
Results and discussions
Although there are many reports on sonoporation [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , each experimental setting differs from one another and the reported sonoporation efficiency, which is one of the most significant information in sonoporation, varies. To understand the effect of the experimental settings themselves on sonoporation experiments, we first investigated the impact of the conditions of the cultured cells on sonoporation efficiency. When cells were sonicated in a suspension, although sonoporation was achieved among variable cells (Fig. 2B) , majority of the cells were non-viable ( Fig. 2A) . On the other hand, when cells were cultured on the dish in a monolayer fashion, although the ratio of successfully sonoporated cells among viable cells did not differ from that in a condition with cells in suspension, the total viability was significantly higher than in suspensions ( Fig. 2A and B) . Increasing the concentration of OPTISON from 5% to 10% did not contribute in improving the overall outcome (Fig. 2C) , and extending the sonication time only decreased the total cell viability while sonoporation efficiency saturated at around 15-30 s CW exposure ( Fig. 2C and D) . This is a similar observation compared to what we have previously seen in cells sonicated in a suspension [30, 31] . Delivery of siRNA against EGFP into cells with cell attached on the culture dish was also demonstrated possible (Fig. 4C ) and approximately half of the cell sonoporated showed decreased EGFP production (Fig. 4C) . These findings suggest that the conditions where cells are cultured have a great influence on the total outcome. As cells are structured in a matrix in vivo, it is assumed that sonoporation efficacy in vivo might be better compared to those performed in vitro with cell cultured in a suspension.
Next, we evaluated the impact of the presence or absence of standing wave on sonoporation efficiency. In this experiment, sonoporation was performed with cell attached on the bottom of the dish and standing wave was eliminated by building a water chamber above the sonication samples, allowing the progressive ultrasound wave to propagate through the sonication samples without causing reflected ultrasound wave (Fig. 3, left) . When standing wave was nearly completely eliminated from the experimental settings, only a negligible amount of cells achieved sonoporation, even under condition where maximum sonoporation was achieved in the presence of standing wave (Fig. 4B) . Cell viability after sonoporation was nearly 100% even after 5 W/cm 2 exposures (Fig. 4A) . As there is a possibility that all the OPTISON Ò microbubbles were pushed away from the cultured cells during sonication, we prepared two different settings in addition. One with the water chamber directly contacting the cells attached on the bottom of the wells (Fig. 3, right setting-2A) , and the other lifting the water chamber 1 mm above the cells attached on the bottom (Fig. 3, right setting-2B) . Again, when standing wave was absent, both of the settings failed to achieve a satisfactory amount of sonoporation, even up to 5 W/cm 2 exposures (Fig. 4A and B) . These results suggest that creation of standing wave is one of the key elements in achieving successful sonoporation in [30] . Approximately half of the sonoporated cells underwent gene suppression (means ± SD of three independent experiments). Fig. 3 . Experimental setting eliminating standing wave. Experimental settings eliminating standing wave. Cells were cultured in a monolayer fashion on the bottom of the dish. A water chamber was constructed above the samples which allow the ultrasound beam to propagate through the sample without causing standing wave. In some cases, the interface of the water chamber and the sonicated cells was settled close to 0 mm (setting A) or 1 mm above (setting B) the bottom of the dish.
in vitro experiments. This finding could be crucial in applying sonoporation to real clinical use, as the production of standing wave may be difficult in the human body and special arrangements may be needed to establish the desired acoustic fields. When we look into the reported sonoporation experiments in vivo, the animals often used for demonstration are rats or rabbits [27, 29, 33, 34, 37] . Again, the animals are sonicated under a condition where it is difficult to assess the true ultrasound field and the presence or absence of standing wave is not clear. However, based on the data available, it is likely that standing waves were generated in many of these experiments. As the information on the relationship between the applied ultrasound field characteristics and the achieved sonoporation efficiency is crucial to render this technique practical in the future clinical application, we suggest that researchers should be aware of the above mentioned matters in performing and reporting sonoporation experiments.
